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Abstract 
The concept of aseptic processing originated to solve problems associated with conventional 'in-container' 
sterilization of foods such as low rate of heat penetration to the slowest heating point in the container, the long 
processing times required to deliver the required lethality, destruction of the nutritional and sensory characteristics of 
the food, low productivity, and high energy costs. Aseptic processing technique has been successfully applied to 
liquid foods and acid foods containing discrete particulates. However, the extension of aseptic processing to 
heterogeneous low-acid liquid foods containing discrete particulates has been difficult due to lack of data on critical 
factors such as interfacial heat transfer coefficient between the liquid and the particle as well as the residence time 
distribution (RDT) of particles in the holding tube of the aseptic system. Geometry of holding tube represents a 
primary parameter in determining the residence time distribution of particulate inside an aseptic processing system. 
Several configuration had been investigate in the past, including curved geometries in order to minimize spreading of 
RTD.  In the following work an experimental bypass holding tube is optimized numerically and experimentally. 
Numerical optimization was performed by using the Optimal Shape Design, where the essential element respect to 
classical numerical simulations in fixed geometrical configurations, is to introduce a certain amount of geometrical 
degrees of freedom as a part of the unknowns, which means that the geometry is not completely defined, but part of it 
is allowed to move dynamically in order to minimize or maximize the objective function. 
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1. Introduction 
As shown by various studies, an interesting phenomenon present  in  conventional holding tubes for 
asepting processing  (nearly horizontal) operating with a  low viscosity process flow and low 
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concentration of particulates, is the presence of a layer of sedimented particulates due to the effects of 
buoyancy. The presence of a sediment layer at the base of the tube causes a funnel flow in the upper zone, 
resulting in an increase of residence time distribution ([1-3]), and this effect seem to be a maximum with 
a concentration of particulates of about  10-20% ([4-5]). 
As a consequence, the distribution curves of residence times are characterized by a high variance is 
due to sedimentation of particulates in areas of slower flow, resulting in a inhomogeneous thermal 
treatment of the processed food. 
Currently a certain success in reducing the aforementioned problem can be obtained by using tubes of 
helical shape in which, thanks to the presence of a flow in a radial direction helping   the transfer of 
momentum from the faster particulates to the slower, it is possible to reduce the RDT variance. 
The problems encountered in helical pipes are, however, well known: in fact there is often a loss of 
pressure, and satisfactory results are obtained only at low flow rates.  
In this work the possibility of reducing or eliminating this phenomenon in horizontal pipes is 
investigated   by using a bypass tube parallel to the primary section, as shown in Fig.1. 
The physical principle is based on the possibility to recover the particulates located on the bottom of 
the tube and travelling at lower speed, directing them in the secondary tube with a smaller diameter, thus 
"energizing" such particulates. 
The particulates then increase their speed, and they are reintroduced into the main pipe with an average 
velocity equal to or higher to the speed of the particle travelling in the main holding tube. 
 
Nomenclature 
 
CMC sodium carboxymethylcellulose 
EHT experimental holding tube 
HHT  horizontal holding tube 
RTD       residence time distribution 
 
2. Materials & Methods 
In order to capture the particulates at the bottom of the principal tube, a particular design of the bypass 
tube was obtained  (see Fig. 1-B) starting from fig. 1-A configuration and using an Optimal Shape Design 
approach, a numerical technique ([6-8]) allowing an automatic design of an optimal functional shape.  
In such approach, the solution is obtained by coupling together a discrete model of the process 
parameters, in this case obtained by numerically solving the Navier-Stokes equations for a non-newtonian 
fluid, and including the geometrical shape as a part of the degrees of freedom of the problem; a 
constrained multivariate minimization algorithm is then used in order to minimize or maximize an 
objective mathematical function describing somehow the efficiency of the process. 
Due to the complexity of the shape zones C1, C2 and C3 were optimized independently. 
The chosen mathematical function to maximize was the pressure driving force in the channel C1, 
expressed as the difference of the pressure integral between the inflow and outflow areas of connection 
channel C1. 
Geometries and a shapshot of the pressure distribution on a longitudinal section are shown in Figure 1 
A1 and B1; the final result improved more then three times the pressure force driving the particles in the 
secondary tube. 
673Fabrizio Sarghini et al. / Procedia Food Science 1 (2011) 671 – 677
 
Fig. 1. Numerical optimization of bypass holding tube and pressure distribution in a longitudinal section 
The presence of a convergent-divergent section C2 in the upper tube enhances the pressure gradient in 
the zone behind the connection hole C1. 
3. Results & Discussion 
In order to assess the validity of numerical results, an experimental setup  (see Figure 2) was prepared 
with transparent Plexiglas tubes to monitor trajectories and evaluate residence times of the particulates 
inside the volumes.  
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Fig. 2. Experimental setup 
 
The main tube diameter was 0.03 m and the length set to 6.00 m.  
One of these tubes was used to monitor residence time in a horizontal standard configuration   
(hereafter Horizontal Holding Tube ,HHT),  while on the other  the bypass was created using  a 
transparent Plexiglas tube having  a diameter of 0,017 m and length of 2.90 m (hereafter Experimental 
Holding Tube ,EHT) .  
Due to the complicate shape of the part connecting the by-pass tube with the principal one, this part  
has been made in ABS using a rapid prototyping machine (Model Prodigy Plus, Stratasys, Eden Prairie, 
MN, USA). 
This bypass section was placed at 0.80 m behind the particulates distributor, obtained with a small 
reservoir working according to the Venturi effect.  The reinsertion part, where the flow of the bypass pipe 
enters into the main pipe, was made with the same technique and positioned 0.80 m from the end of the 
main pipe.  
These tubes were inclined upward with at an angle of 0.02 m per meter, according to FDA rules, to 
avoid formation of air pockets and to facilitate the drainage of the product.  
The fluid was circulated from a reservoir using a flexible impeller pump (Model FIP40, Johnson-
pump, Örebro, Sweden) operated by an inverter (Model ACS550, ABB, Milano, Italy). 
To adjust the ratio between primary and secondary flow in the bypass tube, volumetric flow rate was 
controlled using ball valves and the flow in both streams was recorded using two magnetic flowmeters. 
The food particulates were recovered by a sieve before the fluid was poured back into the tank, to be 
recycled. 
The experimental design has made possible to investigate the effect of different parameters affecting 
the residence times distribution of particulates, either on a traditional system consisting of only straight 
pipes, or in the experimental bypass. 
In particular, we investigated the effect of : 
1) the geometry of the tube stop (traditional and bypass);  
2) the shape of the particulates (two types); 
3) the density (three levels of density) and concentration  (four levels); 
4) two different flow rates (two levels)  
5) the viscosity of the fluid transport (two levels).  
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All values of process parameters investigated are summarized in Table 1: a total of 288 tests were 
carried out by analyzing the residence time of about 28000 particulates. 
The transport fluids used in the experiment were in one case simple water and in the other a solution of 
sodium carboxymethylcellulose (CMC). The solution of CMC (CMC medium viscosity, Carlo Erba, 
Rhone, Italy) was obtained by dissolving the CMC powder in warm water with a concentration of 1.07% 
w / w, and after the preparation the solution was let  to rest for about 10 hours to obtain a clear solution 
without air bubbles. 
 
Table 1.  Experimental setup parameters  
Peas (d= 0.0065 m, ȡ=1.9964 kg/m3) 
Lentil (d= 0.0044 m, ȡ=1.3139 kg/m3) 
 
Type of particulates 
 
Potato 0.005x0.005 m (ȡ=1.2060 kg/m3) 
 
High: Tube  d=0.030 m: 0.22 kg/s = 0.311 m/s 
Tube  d=0.017 m: 0.027 kg/s = 0.343 m/s 
Volumetric flow rate 
 
Low: Tube  d=0.030 m: 0.6 kg/s = 0.849 m/s 
Tube  d=0.017 m: 0.074 kg/s = 0.937 m/s 
Viscosity of  CMC solution 
 
Power law K=0.297 Pa sn   n=0.702 
 
Particle concentration 
 
4%, 12%, 20%, 30% volume/volum 
Holding tube configuration 
 
 
Straight (SHT) 
With bypass (EHT) 
 
Bypass connection hole Diameter: 0.008 m 
Number of tests 
 
288 
Number of particulates analyzed ~28000 
 
 
 
The final solution of CMC had a density of 1,001 kg/m3 and rheological characterization (shear rate, 
shear stress and apparent viscosity) was carried out at room temperature using a rheometer Anton Paar 
(Model HTR, Anton Paar, Austria, Austria).  
The viscosity of the solution followed as expected a power law model with K (consistency coefficient) 
and n (index of behavior) equal to 0,297 Pa sn and 0,702 respectively. 
Three types of particulates were used, having   three different density and two types of shape, spherical 
and cubical. Dried peas approaching spherical shape were used  with adiameter of 0.0065 m and density 
ȡ=1.9964 kg/m3, Ecuador lentil with approximate  spherical shape and  a diameter of 0.0044 m , density  
ȡ=1.3139 kg/m3, and eventually compact yellow-flesh potatoes diced in small cubes with a side of 0,005 
m and having a density ȡ = 1.2060 kg/m3. 
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With the exception of potatoes, most of the particulates were painted using fluorescent colors to make 
easier the optical identification and post processing. 
The experiments were conducted at four different concentrations for each type of particle: 4%, 12%, 
20% and 30% in volume. 
A first important observation is all tests conducted in the experimental bypass tube, we obtained a 
smaller value of the standard deviation of the residence times respect to those obtained with the 
conventional HHT.  
This translates into a narrowing of the distribution curve of the residence time, resulting in improved 
quality of food particulates treated with this system. 
In Figure 3 are reported the residence time distribution E(t) curves for  peas at 12% and 20 % 
concentration at high  volumetric flow rate. 
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Fig. 3. RTD curves E(t) for  peas at 12% and 20% concentration and low volumetric flow rate 
In almost all conducted test, the experimental setup showed an improvement respect to traditional 
holding tubes. 
Only tests  conducted at high concentration (30%), using large particulates (potatoes), showed a 
reduction of the advantages of the new configuration, but this is probably due to the ratio between the 
particulates size and bypass channel diameter. 
We note finally that the values of standard deviations obtained at high and low concentrations of 
particulates, and low and high flow velocities, are very similar, showing that  the  experimental  bypass 
system, besides preventing problems related to the use of helical holding tube, should level out the 
limitations typical of the straight holding tube or those related to working at high flow rates and high 
concentrations (greater than 20%) of particulates. 
Table 2. Flow rate effect on bypass EHT performance 
Flowrate 
  
  
Particulates type 
and 
concentration 
 
Geometry 
  
RT std
(s) 
  
RT mean 
(s) 
  
RT min 
(s) 
  
RT max 
(s) 
  
¨RT 
(max-min) 
(s) 
  Peas (d=1,9964)       
Low 4% straight 0,18 12,4 12,12 12,74 0,62 
Low 4% with bypass 0,14 12,14 11,12 12,32 1,2 
Low 12% straight 0,36 12,66 11,16 12,22 1,06 
Low 12% with bypass 0,26 12,38 11,02 12,86 1,84 
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Flowrate 
  
  
Particulates type 
and 
concentration 
 
Geometry 
  
RT std
(s) 
  
RT mean 
(s) 
  
RT min 
(s) 
  
RT max 
(s) 
  
¨RT 
(max-min) 
(s) 
Low 20% straight 0,38 12,68 11,14 14,28 3,14 
Low 20% with bypass 0,28 12,4 11 13,02 2,02 
Low 30% straight 0,12 12,24 11,18 12,44 1,26 
Low 30% with bypass 0,1 12,02 10,9 12,22 1,32 
 Peas (d=1,9964)      
High 4% straight 0,1 10,24 10,06 10,4 0,34 
High 4% with bypass 0,08 10,22 10,08 10,38 0,3 
High 12% straight 0,16 10,62 10,28 10,94 0,66 
High 12% with bypass 0,1 10,6 10,38 10,8 0,42 
High 20% straight 0,18 12 10,82 12,36 1,54 
High 20% with bypass 0,12 11,16 10,92 12,16 1,24 
High 30% straight 0,1 10,24 10,08 10,4 0,32 
High 30% with bypass 0,08 10,1 9,1 10,24 1,14 
4. Conclusions 
The new configuration of the bypass holding tube, numerically optimized, showed a general reduction 
of the RTD standard deviation, with obvious benefits for the final quality of the product. 
Using this approach, it is possible to obtain the same advantages of helical tubes in terms of RTD, and 
at the same time to avoid the well known problems related to pressure drop and low flow rates issues. 
More experiments are required to optimize the bypass channel diameter in relation with the processed 
food particulates diameters, and the overall layout of the plant, including the number of bypass tube to be 
inserted.  
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